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An Equation of State

for Calculating the
Thermodynamic Prdperties
of Helium at

Low Temperatures*

3_

ABSTRACT )7/ 67

A new equation of state for helium gas with six
adjustable constants is presented. This relation is
adequate for the representation of the P-V-T dataand
for the calculation of the entropy and enthalpy for a
range of temperatures from 20 to 300 K, with pressures
to 100 atm. A comparison of calculated volumes with
the original data indicates an average arithmetic
deviation of 0.07 percent and maximum deviations of
0.5 percent. A comparison of calculated pressures
with original data indicates about the same average
and maximum deviations. A temperature-entropy chart
and a compressibility factor chart have been prepared
from values calculated by this equation of state.
Values of density, enthalpy and entropy, are tabulated
with temperature and pressure as independent argu-
ments.

1. INTRODUCTION

The development of a new equation of state for
helium over an extensive range of temperature and
pressure arose from the need for a reasonable
mathematical expression which would be adequate,
not only for the representation of pressure, specific
volume, and temperature values, but also for the
calculation of some of the derived thermodynamic
properties over an extended range of values. The
increased use of high speed digital computers for the
analysis of thermodynamic systems has notably in-

*Results of a study made under contract with the National
Aeronautics and Space Administration at the National Bureau
of Standards, Boulder Laboratories.
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creased the need for such equations. The virial ex-
pansions were the only relations previously available
for representation of the P-V-T data at low tempera-
tures to the degree of accuracy .and with the extended
range achieved by the equation presented here. The
virial equations do not lend themselves to the direct
calculation of the thermodynamic properties.

Beattie and Bridgeman [1] reported an average
deviation between calculated and experimental values
for their equation of state of 0.133 percent, but
limited the maximum density to .04 g/cm®. Akin [2]
reported density deviations of as much as 5 to 10 per-
cent for values above the critical density predicted
by the Beattie-Bridgeman equation. The equation of
state presented here, however, can be used for obtain-
ing accurate P-V-T values for the total range for
which experimental data isavailable; i.e., to 100 atm
pressure, which includes valuesto twice critical
density.

Entropy and enthalpy values calculated from this
equation of state with the zero pressure heat capacity
taken from the literature are in agreement with values
determined from other sources for a range of tempera-
ture from 20 to 300 K with pressures to 100 atm. In
addition, the equation predicts the Boyle temperature,
the Joule-Thomson inversion temperature, the Joule-
Thomson coefficients and the second virial coefficients
closely enough tolend additional credence to the
validity of the equation. At increasing pressures, the
equation in itspresent form is satisfactory except at
temperatures below 20 K (See Table1). It has not
been evaluated for temperatures above 300 K. The
behavior of this equation at higher pressures is un-
known, since adequate experimental data over 100 atm
are limited.
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TABLE 1

COMPARISON OF CALCULATED VALUES OF SPECIFIC
VOLUME WITH MEASURED VALUES

a. Comparison with Zelmanov's Data:

VZel— V(z)

% Difference = x 100

VZ el

Press. Temperature, K
atm 8 10 12 14 16 18 20
0.5 -~ 2.0 0.6 -0.4 =0.1 0 -0.1 0.1
1 - 48 - 1.5 =07 =0.1 0.1 0.1 0
2 - 51 -31 -~1.3 =0.5 =01 0 0
5 -27.2 - 79 —-41 -l6 -—-07 -1.2 0.3
10 -22.0 —6.0 -3.6 -1.4 ~0.6 0.2
15 —-86 —-48 -2.5 ~0.3 -0.4
20 -5.0 -41 =26 -~1.3 -0.7
25 —04 2.9 =26 =~1.5 =05
30 5.9 1.8 ~1.1 =09 -0.5
40 12.1 6.5 3.1 ~0.4 —0.3
50 14.8 8.7 4.3 1.1 -0.9
60 18.2 122 7.0 3.1 1.4

Differences above the heavy line are less than 1%.

y, .

< )

PV=A+B/V+C/V*+...,

for temperatures from 2.6 to 570 K.

With the use of Keesom’s coefficients, P-V-T
values have been calculated from (1) and compared
with both the experimental data listed by Keesom [6
to 13] and the more recent data of Zelmanov [14, 5]
and Lounasmaa [15]. This comparison showed that
these virial coefficients accurately represented the
experimental data from 20 to 300 K. They were in-
adequate, however, for higher pressures at tempera-
tures below 20 K. (See Table 2). The P-V-T values
calculated from (1) will hereafter be referred to as
virial data.

oy

2. THE EQUATION OF STATE FOR HELIUM

The equation of state that has been developed is
explicit in volume, a form particularly useful in the

TABLE 2

COMPARISON OF VIRIAL VALUES OF SPECIFIC
VOLUME WITH MEASURED VALUES

a. Comparison with Zelmanov's Data:
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V.. =V
% Difference = virial Zel x 100
b. Comparison with Lounasmaa's Data: virial
% Di _ VLou— V(z) 100
> Difference = —-V—-— X Press. Temperature, K
Lou atm 8 10 12 14 16 18 20
Press. % Press. % Press. % Press. % 5 —0.30 0.04 -0.16 ~-0.13-0.004 —0.06 ~—0.17
atm  Diff. atm Diff. atm  Diff. atm  Diff. 10 2583 7.95 —0.20 -0.53 =0.01  0.13 0.47
20 10.94 1.61 -0.91 —-1.08 —0.62 0.40
14 K 16 K 18 K 20K 30 19.83 8.63  3.06 —0.69 —0.79 —0.63
3.8 -1.2 4.4 —0.6 5.0 ~0.2 5.6 0 40 13.16 6.68 2.95 0.03 —0.73
7.4 —-2.2 8-7 —1.3 9.9 —0.9 11-2 —0.4 50 15_97 9.05 4'12 0.80 _1.35
14.6 -3.5 17.4 =2.1 20.3 -1.4 23.1 -1.0
18.6 -2.8 224 -l1.1 26.2 -0.5 299 -04 Differences above the heavy line are less than 1%.
23.1 =1.2 28.0 0.1 32.8 0.3 37.6 0.1
23.8 1.0 344 1.4 40.5 1.2 36.6 0.9 . i ,
34.9 3.7 42.3 3.0 49.7 2.9 57.2 L5 b. Comparison with Lounasmaa’s Data:
. 43.1 6.2 51.9 4.4 60.8 3.0 69.8 1.9 virial = VLou
. “J 53.9 8.3 64.3 5.6 74.8 3.7 85.3 2.3 % Difference = x 100
R 68.0 9.4 803 6.3 92.6 4.2 virial
v d 166 9.6 898 6.4 103.0 4.3
o4 86.4 9.5 1006 6.4 Press. % Press. % Press. %
R atm Diff. atm Diff. atm Diff.
‘ 18 K 19 K 20 K
The principal source of data used in the develop-
ment of this equation was Helium [3] by Keesom. The 5 0.93 5.3 0.93 5.6 0.92
d and third virial ffici ized 9,93 —0.41 43.55 -=0.1011.21 -0.16
second and third virial coefficients were summarize 1495 —1.60 53.45 1.38 16.95 —1.46
by Keesom as a result of a comprehensive survey of 20.26 —2.39 98.8 6.18 23.1 —1.03
the llt(jlrature prior to 194'1. Ttese virial ioefflc.lents 96.20 —1.99 2095 —1.78
were adopted by Keesom.in subsequent calculations 32.85 —1.25 37.95 -1.18
and resulted in his widely accepted T-S Diagram for 49.7 1.53 46.6 —1.18
. ?
Hellun.l [4]. It should be noted, hovs'le.ver, that Keesom’s €0.85  3.35 5720 112
T-S Diagram was subsequently modified below 20 K by 74.8 5.99 59.75  2.5]
the additional data from Zelmanov [5]. Keesom listed 92.65 7.13 85.25  3.91
these coefficients for the virial expansion of the form: 103.05  7.67



calculation of the derived thermodynamic properties.
This equation of state, employing six adjustable co-
efficients is

RT E

(P 1)0 .9

where T is temperature in K, P is pressure in atm, and
V is the Amagat volume, which isthe ratio of specific

volume to the specific volume at standard conditions,

(0 C and 1 atm), i.e.,

+F —exp[-(A+BP)T-(CP+D)1(2)

V(Amagat) =" = observed specific volume

%

The value used here for v, is Keesom’s recommended
value 5603.1 cms/g. The values of the coefficients

for (2) are:

A = +0.0553629603 (K~ 1),

B = ~0.0002507030379 (atm~"' K~'),

C = +0.02442567441 (atm~"),

D = +6.257793015,

E = —0.0001900546554 (Amagat atm®*®),
F = +0.0005502201182 (Amagat).

These coefficients were used in all subsequent
calculations. (The specific volumes will have the
same order of accuracy when they are calculated with
the above coefficients rounded to four significant
places.) The value of R, the ideal gas constant used
in this equation is R= P, V/T, = 1/T,=1/273.15
(Amagat atm/K).

The coefficients 4, B, C, D and E, F were deter-
mined by fitting (2) to virial data with the aid of two
separate least squares programs on a digital computer.
To determine £ and F, it was first noted from a
graphical study of the P-V-T values of the virial data
that the isobars (P = C) on V-T coordinates were
nearly linear over a large range of values. As a first
approximation, the equation of state was written as

V=a(P)T +b(P), &)

where a(P) = (aV/aT)P, the slope of the isobar, and
b(P), the zero temperature intercept, were functions
of pressure only. An evaluation of these coefficients,
by a least squares fit of the virial data, indicated that
they could by adequately approximated by the relations

specific volume at standard conditions

a(P) =%, (4)

b(P)m— )

(P+1

38 +F,

The slope, (BV/OT)P = R/P, is of course the value
for the ideal gas. The first approximation of an
equation of state was then obtained as
RT E
Vm =t Ty

D (6)

°5+F.
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Deviation of the specific volume in the virial data
(denoted by V., ,) from this approximate value
(denoted by V, ,S was then determined as

V=V Vs) =—exp [-{4+BP)T~( CP+D)].

r= Vvirial =Y (7)
The coefficients 4, B, C, and D were then deter-
mined by fitting (7) to virial data with the aid of a
different least squares program.

For the determination of E and F, 250 points from
Keesom’s virial data in the temperature range 18 to 300
K and the pressure range 0.1 to 100 atm were used.
The determination of 4, B, C, and D was accomplished
by using the same 250 points, with the addition of 37
points from Lounasmaa’s P-V-T data and 34 points
from Zelmanov’'s P-V-T data in the 18 to 20 K region.
'(I'he final equation of state (2) is the sum of (6) and
7).

3. EVALUATION OF THE EQUATION OF STATE

A comparison of values of specific volumes cal-
culated with the equation of state was made between
20 and 300 K with 237 of the virial data points which
were used in the determination of the coefficients for
the equation. The average arithmetic deviation was
0.07 percent, and the maximum deviation 0.5 percent.
At 20 K, these calculated values were also compared
to twelve data values from Zelmanov andseven values
from Lounasmaa. The average deviation was less than
0.3 percent, and the maximum deviation 1.4 percent.
A comparison of the pressures, however, would be a
more critical measure of the deviation than the com-
parison of the specific volumes at high densities.
Therefore, a similar comparison was made for values
of pressure, which resulted in an average arithmetic
deviation from virial data for temperatures of 20 to
300 K of 0.1 percent, with a maximum deviation of 0.6
percent. At 20 K, the average deviation from the data
of Zelmanov and Lounasmaa was 0.3 percent, and the
maximum deviation 1.3 percent (except at 60 atm and
20 K where the deviation was 2.3 percent). An
exception in these comparisons of virial data occurred
at 30 K and 100 atm. At this point, the volume
deviation was 0.6 percent and the pressure deviation
1.0 percent. The values of pressure exhibiting the
larger deviations were also observed at the same
temperatures and pressures as the larger values of
deviations for specific volume.

The data predicted by this equation of state were
also compared to the original datareferenced by Keesom,
which include a total of 230 experimental points be-
tween 20 and 300 K. The average deviation of the
calculated specific volumes from the experimental
specific volumes was 0.2 percent. Values of entropy
differences between 120 states, in the temperature
and pressure range of 20 to 300 K and 0.1 to 100
atm, were also calculated from this equation and



compared to corresponding differences from Keesom’s
T-S diagram. In this comparison, 92 percent of the
values agreed within one percent and no deviations
greater than three percent were observed. This
agreement was within the accuracy with which
Keesom’s diagram could be read.

4. ANALYTICAL TESTS OF THE EQUATION
OF STATE

Additional conditions that may be imposed on an
equation of state with respect to its general form
have also been investigated. The results of these
investigations, enumerated below, indicate that this
equation does approximate rather well such con-
ditions as are pertinent within the range of variables
for which validity of the equation is claimed. These
conditions are as follows:

D It is important that an equation of state reduce
to the ideal gas equation as the pressure approaches
zero or as temperature becomes infinite. This con-
dition is satisfied by (2). (Theimportance of this
condition is further illustrated in Section 5).

2) At the critical point certain partial derivatives
should vanish, i.e., the partial derivative (3P/3V)T
as well as higher order derivatives of P and V should
be zero. Although the first derivative for this
equation is not zero, the higher order derivatives are
zero. The critical temperature, however, is well
below the minimum temperature for which this
equation will predict satisfactory values.

3) An isotherm of maximum slope of the Z-P
diagram as pressure approaches zero is predicted by

lim 3% Z
- =0 , (8)
P>0 \dPaT

and the temperature for this limiting isotherm for the
equation of state is 44.1 K. The Z-P chart illustrates
this with a maximum slope for isotherms near this
value at pressures below 20 atm. This value may
also be predicted from the second virial coefficients
from Keesom as occumring at about 45 K.

4) The Boyle temperature, defined by

lim {07
—)] =0, (9)
P>0 ap
T

is predicted by the equation of state as 30.1 K
whereas a value of 25.2 K is given by Keesom.
5) The Joule-Thomson coefficients p = (aT/c?P)H s
calculated from the expression
. w

b= -
¢, L \or/,

have also been evaluated with the equation of state
and are compared with the experimental Joule-Thomson

data for helium by Roebuck and Osterberg [16]. These
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experimental values have been corrected for the error
in pressure measurement reported in a later paper by
Roebuck andOsterberg [17]. Table 3 illustrates the
agreement between these calculated and observed
values. Values of heat capacity, Cp, used in this
calculation are from Zemansky [18].

6) The Joule-Thomson inversion temperature at
zero pressure calculated from the equation of state
is 55.5 K which compares favorably with the value
of 50.5 K given by Keesom. The calculated value of
this inversion temperature at 1 atm, is 51.0 K.
Roebuck and Osterberg, however, report a value of
23.6 K at one atmosphere while Zemansky reports
that this value occurs between 25 and 60 K.

7) The Joule coefficients, 7 = (aT/(?P)U, calculated

from the expression
[T(av/oT), + P (aV/aP)T]
U ¢, —prvser), J

have also been evaluated with the equation of state
and Cp, valuesfrom Zemansky. These are compared
with the Joule coefficient values determined from ex-
perimental measurements and reported by Roebuck
and Osterberg [19]. The Experimental data havebeen
corrected for the same pressure error noted in item 5
above. Table 3 illustratesthe agreement between
these calculated and observed values.

The above conditions are rather severe tests of
an equation of state. The relatively good agreement
with which these values are predicted by this
equation is notable. An adjustment of the second
term of the equation of state [E/(P +1)°*®] would
make it possible to satisfy even more closely the
above conditions, without reducing the accuracy with
which the properties may be calculated. Instead of
the constant 1 in the denominator of this second term,
0 and 0.1 also have been used to calculate the
specific volume. The result showed no significant
differences in the values of the specific volume. The
unit constant value isrecommended, however, because
the equation may then be easily expressedas a power
series in pressure and this expansion may then be
used to obtain an expression for the second virial co-
efficient. A preliminary examination of thisrelation
indicates that a more exact prediction of the above
conditions could be effected by replacing this unit
constant with a function of temperature.

(1D

5. THE CALCULATION OF THERMODYNAMIC
PROPERTIES

The derived thermodynamic properties for helium
were calculated from the equation of state with the
zero pressure heat capacity Cp given by Rossini
[20]. The calculation of the entropy and enthalpy
differences along isotherms from the equation of




state made use of the analogy between the real and
the ideal gas in the limit as pressure approaches
zero. This calculation of entropy and enthalpy
requires the extrapolation of the equation of state
from a few tenths of an atmosphere to zero pressure.
Both the form of this equation at P =0, and the ac-
curacy with which it predicts P-V-T values at low
pressures indicate that this extrapolation is proper.
The value of C}, given by Rossini is constant for
this range of temperature. The resulting equation
for entropy is:
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Press.
atm.

0.3

o.k
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0.8
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60
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nwPov OED WP BPFD BPFD WP BEPD
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nEgoO PO 0o npPpv 0D nEFO PO

wEgD WP 6O

n 50 vPo

18°

.0002710
103.1
20.33

.000Lk0O66
103.1
19.k9
0005422
103.1
18.89
.0008137
103.0
18.05

.001085k
103.0
17.45

.0016295
102.8
16.60

00217k
102.7
16.00

+0027199
102.6
15.53

.010959
101.1

12.59
016474
100.2
11.71

.021978
99.38
11.07

.027kl5
98.62
10.57
.0k0830
97.00
9.647

.053617
95.72
8.977
.076813
9Lk.03
8.014
096520
93.28
7.323
12657
93.93
6.352
Jh762
96.55
5.678
.16318
100.4
5.170

o =

20°

.0002439
113.5
20.88

.0003658
113.5
20,0k

0004879
113.5
19.4k

0007320
113.4
18.59

.0009763
113.4
17.99
0014653
113.3
17.15

.0019547
113.1
16.55

002k4khs
113.0
16.08

.0036703
112.8
15.23

.0048978
112.6
1k.62

.0073557
2.1
13.76

.0098151
111.7
13.1k4

014728
110.8
12.27
.019619
110.1
11.63

024471
109.4
11.1%4
.03630L
107.9
10.22

Rollyaralyd
106.8
9.559
068563
105.3
8.608
086648
10k.7
7.925
21152k
105.6
6.965
.13620
108.3
6.297
.15330
112.2
5.792

25°

.0001950
139.5
22.04

.0002926
139.5
21.20
.0003901
139.5
20.60

.0005852
139.4
19.76

0007803
139.4
19.16

.0011706
139.3
18.31
.0015610
139.2
17.71

.0019513
139.1
17.2%

.0029269
138.9
16.39

0039021
138.7
15.79
.0058502
138.4
14,93

0077933
138.0
14,32

.011664
137.%
13.h5

.015503
136.8
12.83

.019305
136.3
12.34

.028608
135.2
1144

.037566
13h.4
10.79

054273
133.k4
9.864

069272
133.3
9.199
.09LLL1
13k.6
8.262

THERMODYNAMIC PROFERTIES OF HELTUM

30°

.0001625
165.5
22.99

.0002438
165.5
22.1k4

.0003250
165.4
21.55

0004875
165.4
20.70

0006500
165.4
20.10

0009748
165.3
19.26

.0012996
165.2
1€.66

.0016242
165.2
18.19

.0024351
165.0
17.35

.0032uk9
164.9
16,7k

.00L8607
16k4.6
15.89
0064708
1644
15.28

009671k
163.9
14, k2

.012843
163.5
13.80

.015981
163.1
13.32

.023664
162.4
12.43

.031090
161.9
11.79

.0h5094
161.5

10.89

057925
161.7
10.23

.080237
163.5
9.316

09872k
166.8
8.670

J1ke3
171.0
8.176

Temperature in degrees Kelvin

35°

.0001393
191.5
23.79

.0002089
191.4
22.95

.0002785
191.4
22.35

.00041.78
191.h
21.50

.0005570
191.4
20.91

.0008353
191.3
20.06
,00111 34
191.3
19.46

.0013914
191.2
19.00

.0020855
191.1
18.15

.0027783
191.0
17.55

.00k1601
190.9
16.70

.0055361
190.7
16.09
0082696
190.4
15.23

.010977
190.1
14.62

.013655
189.9
1k.14
020220
189.5
13.27
026585
189.3
12.64
.038676
189.3
11.7h

.0k9905
189.9
11.10

.06989L
192.2
10.20

.086982
195.7
9.563
.10170
200.1
9.074

40°

.0001219
217.4
24,48

.0001828
217.4
23.64

0002437
217.4
23.0L

.0003655
217.4
22,20

0004873
217.h4
21.60

.0007307
217.3
20.76

.0009740
217.3
20.16

.0012171
217.3
19.69

.0018240
217.2
18.85

0024297
217.2
18.25

.003637h
217.1
17.k0

.00L48398
217.0
16.79

.0072280
216.8
15.94

-0095930
216.7

15.33

.011934
216.6
14.86

017677
216.5
13.99
.023258
216.5
13.37

.033922
216.9
12.48

043918
217.8
11.85
.062008
220.6
10.96
.077821
22k 4
10.33
091710
228.9
9.843

115

L5°

.0001083
2434
25,09
0001625
2b3. b
24,25

0002166
2434
23.65

.0003249
2434
22,81

.0004331
2434
22,21

0006495
2h3.h
21.37

.0008657
243.3
20.77

.0010817
243.3
20.31

.0016210
243.3
19.46

.0021593
243.3
18.86

.0032323
243,2
18.01

0043007
243.2
17.41

.006k227
2h3.1
16.56

0085246
2Lk3.1
15.95

010606
2b3.1
15.48

.015718
243.3
1k,62

020696
243,35
14,00

.030248
ol L
13.13

.039266
2L45.5
12.50

055783
248, 7
11.62

070462
252.8
11.00

.083552
257.4
10.51

50°

.00009749

269 .4
25.64

.0001462
269.4
24 80

0001950
269.4
2k .20

000292k
269.4
23.36
.0003898
269.4
22,76

.0005845
269.4
21.92

0007791
269.4
21.32

.0009735
269.3
20.85
.0014588
269.3
20.01

.0019432
269.3
19.41

0029090
269.3
18.56

0038705
269.L
17.96

.0057809
269.4
17.11

.0076738
269.5
16.51

.0095490
269.6
16.04

.014159
270.0
15.18

.018657
270.4
1k.57

.027318
271.6
13.70

.0355k0
273.0
13.08

.050737
276 .6
12.21

.064k15
280.9
11.59

076759
285.6
11.11

density in gm/cc; h = enthalpy in Joules/gm; § = entropy in Joules/gm°K]

55°

.00008863

295.3
26.1k4
.0001329
295.3
25.29
.0001772
295.3
24,70
0002658
295 .4
23.85
.00035L4
295.4
23.26
.0005314
295.4
22,1

0007082

295.4
21.81

0008850
295,k
21.35
.0013263
295.4
20,51

0017667
295.4
19.91
.0026448
295.5
19.06
0035192
295.5
18.46
.0052569
295.7
17.61

0069795
295.8
17.01

.0086868
296.0
16.54
.012888
296 .6
15.69
016994

297.2
15.08

024922
298.6
1k,22

.032u482
300.3
13.60
.0b6557
30k.2
12.73

-059353
308.7
12.12

.071012

313.6
11.64

60°

0000812k
321.3
26.59

.0001219
321.3
25.75

.0001625
321.3
25.15

.0002437
321.3
24,31

.0003248
321.3
23.71

.000L8TL
321.3
22.86

.0006492
321.4
22.27

.0008113
321.4
21.80

.0012158
321.k
20.96

0016196
321k

20.36
.002h2k8
321.5
19.52
0032267
321.6
18.92

.0048208
321.9
18.07

.0064018
322,1
17.47

.0079694
322.3
17.00

.011830
323.0
16.15

.015609
323.8
15.54

.02292k
325.5
1k.69
.029924
327.4
1k.07

.0k43033
331.5
13.21

.0550L9

336.2
12.60

066083
3k1.2
12.12

65°

00007499
347.3
27.00

.0001125
347.3
26.16
.0001500
347.3
25.56
.0002249
347.3
24,72
0002998
347.3
2h,12
0004496

347.3
23.28

.0005993
3474
22.68

.0007489
347.4
22,22

.001122k4
347.4
21,38

.001L952
347.5
20.78

.0022387
347.6
19.93

0029794
347.7
19.33
0044521
348.0
18,4

-0059133
348.3
17.8

0073628
348.6
17.k42

.010936
3h9. L
16.57

L01kk37
350.3
15.97

.021230
352.2
15.11

.027750
354.3
1k.50

.040020
358.7
13.65
.051342
363-5
13.03
.061807
368.6
12,56
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T70°

.00006964
373.3
27.39
.0001045
37343
26.55
.0001393
373.3
25.95
.0002089
3733
25,11
.0002784
373.3
2k, 51
0004175
373.3
23.67
.0005565
373.3
23.07

0006954
373.4
22,60
0010423

373.4
21.76

.0013886
373.5
21.16
.0020793
373.6
20.32
L00276 74
373.8
19.72
.0041361
27k

18.88

0054946
3745
18.28

0068429
3TL.8
17.81

010169
375.8
16.96

.013432
376.7
16.36

01977k
378.8
15.51

.025878
381.0
1k.90

.037hk12
385.7
1k,05
L0L811k

390.6
13,44

.058061
395.8
12.97

THERMODYNAMIC PROPERTIES OF HELIUM

[p = density in gm/cc; h = enthalpy in‘Joules/gm; s = entropy in Joules/gm°K]

Temperature in degrees Kelvin

75° go° 85° %0° 95° 100°
.00006500 .00006093 00005735 .00005416 ,00005131 .OOOOLBTS
399.2 has .2 451.2 477.1 503.1 529.1
27.75 28.08 28.40 28.69 28.98 29,24
.00009749  .00009139 .00008602 .00008124k ,00007697 00007312
399.2 k25,2 hs1.2 L77.2 503.1 529.1
26,91 27.2k4 27,56 27.85 28.13 28.40
.0001300  .0001219  .0OOL1k7  ,0001083  .0001026  .00009T49
399.2 425,2 k51,2 47702 503.1 529.1
26.31 26.6k4 26.96 27.25 27.5k4 27.80
.00019%9  .0001828  .0001720  .0001625  .0001539  .0001u462
399.3 Los,2 ksi.2 L77.2 503.1 529.1
25.46 25.80 26,12 26,41 26.69 26.96
.0002599 0002436 .0002293  .0002166  .0002052 0001949
399.3 k25.2 L51.2 b77.2 503.2 529.1
24,87 25,20 25.52 25.81 26.10 26,36
L0003897  .0003654 0003439  .0003248  .0003077  .0002923
399.3 45,3 451.3 L77.2 503.2 529.2
2k, 02 24, 36 2k 67 2L,97 25,25 25,52
.0005195  .0004870  .000L58L 0004329  .0004102  .0003897
399.3 L25,3 451.3 L77.3 503.2 529.2
23.43 23.76 24,08 24,37 2L .65 2k, 92
.0006491  .0006086  .0005728  .0005410  .0005126 0004870
399.4 k25,3 k51,3 b77.3 503.3 529.3
22.96 23.30 23.61 23.91 2k.19 2L .46
0009729 .0009122 0008586  .0008110  .000768L  .0007300
399. 4 425, 4 451,k br7.b 503.4 529.4
22.12 22,46 22,77 23.07 23.35 23.62
.0012962  .0012153  .0011kkO  ,0010806  .0010238  .0009728
399.5 k25,5 451.5 L77.5 503.5 529.5
21,52 21.86 22,17 22,47 22.75 23,02
.0019411  ,0018202  .001713%  .0016186  .0016337  .001L5T72
399.7 L25.7 451.7 br7.7 503.7 529.7
20.68 21.01 21.33 21.63 21.91 22,17
.0025837  .0024230 0022811  .0021549  .0020420  .0019Lo4
399.9 425.9 ksi.9 L77.9 503.9 529.9
20,08 20,42 20,73 21.03 21.31 21,58
.0038623  .0036226  .0034110  .0032228  .003054k  .0029027
4oo.2 b6, 3 k5o, 3 L78. 4 504, k4 530.4
19.2k4 19.57 19.89 20.19 20,47 20.73
,0051318  .00481k1  .00L5337  .00k2842  ,00LOE09  .0038598
400.6 26,7 452.8 478.8 S50k.9 530.9
18.64 18.97 19.29 19.59 19.87 20.1k
.0063922  ,0059976  .0056491  .0053391  .0050615  .00L8115
L01.0 Lo7.1 453.2 479.3 505.4 531.k
18.17 18.51 18.82 19.12 19.40 19.67
.0095038  .0089211  .008k063 0079481  .00T75375  .00T1I6T5
Lo2.0 428.2 bk 4 480.5 506 .6 532.7
17.32 17.66 17.98 18.28 18.56 18.83
.012560 .011795 .011119 .010517 L00997TE 0094907
Lo3.1 L2g. L 455.6 481.8 507.9 534.0
16.72 17.06 17.38 17.68 17.96 18.23
.018509 .017398 .016k15 .015538 .01k4751 .01h0k1
405.3 431.7 458,0 48h .3 510.5 536.6
15.87 16.21 16.53 16.83 17.12 17.38
.02L2kt 022814 .021543 .020k408 .019388 .018k466
L07.6 434,1 460.5 486.9 513.1 539.3
15,27 15.61 15.93 16.23 16.52 16.78
.035130 .033116 .03132h 029719 .028273 .026962
hz.5 439.1 65,7 Lgo,1 518.5 544 .8
14,41 1k,76 15.08 15.38 15.67 15.94
045276 .0L2760 .0kos51h .038L496 036671 .035014
417.6 Ll 471.0 497.6 524.0 550. k4
13.81 115 14,48 1k.78 15.07 15.34
054751 .051803 .0Lg162 .0L6780 Ollg22 0k2655
k22,9 L9, 7 L76.5 503.1 529.6 556.0
13.34 13.68 14,01 14,31 1L.60 14.87

116

110°

.0000LL 32
581.0
29.7h

00006647

.00008862
581.0
28.30

.0001329
581.1
27.45

.0001772
581.1
26.86

.0002658
581.1
26.01

.0003543
581.2
25,42

0004428
581.2
24,95

.00066 38
581.3
24,11

.00088Ls
581.4
23.51

.0013252
581.7
22.67

.0017647
581.9
22,07

0026406
582.4
21.23

.0035120
582.9
20.63

.0043789
583,k
20.17
0065269
584.8
19.32
0086476
586.1
18.73

.012808
588.9
17.88

.016864
591.6
17.28

024678
597.3
16. bk
.032116

602.9
15.84

.039205
608.6
15.37

120°

.0000L4062
633.0
30.19

.00006093
633.0
29.35

.0000812k4
633.0
28.75

.0001219
633.0
27.91
.0001625
633.0
27.31
0002436
633.1
26,47

.0003248
633.1
25.87

.000k059
633.1
25,40

0006085

.0008109
633.4
23.96
.0012151
633.6
23.12

.0016183
633.9
22,52
.002L4219
63k
21.68
,0032218
634.9
21.08

.00k0179
635.4
20,62

.0059918
636.8
19.78
.00T79L2k
638.2
19.18

L011775
641.0
18.34

.015520
643.8
17.74

022753
649.5
16.89

029664
655.3
16.29
.036276
661.1
15.83

130°

00003750
684.9
30.60

.00005625
684.9
29.76
.00007499
68L4.9
29,16

.0001125
684,9
28,32

0001500
685.0
27.72

0002249
685.0
26.88

.0002998
685.0
26.28

.0003747
685.1
25.82

.0005618
685.2
24,98

0007487
685.3
24,38
.0011219
685.6
23.54
.00149L3
685.8
22,94

0022367
686.3
22.10

0029759
686.9
21.50

.0037119
687.4
21.04

.0055378
688.8

20.19

0073439
690.2
19,60

.010897
693.0
18.75

LO1L37h
695.9
18.15
021108
701.7
17.31

027563
707.5
16.71

033756
713.3
16.25

1Lo°

00003482
736.8
30.99
.00005223
736.8
30.15

00006964
736.8
29.55
0001045
736.9
28.71

.0001393
736.9
28.11

0002088
736.9
27.27
.000278k

737.0
26.67

.0003480

737.0
26.21

0005217
737.1
25.36
.0006953
737.3
24,77
.0010419
737.5
23.92
.0013879
737.8
23,32
.0020778
738.3
22.48
.0027649
738.8
21.88

.00 :hho
739.1
21.k2

0051479
740.8
20.58

0068293
Th2,2
19.98
.010141
45,1
19.14

.013387
T47.9
18.5L
019686
753.8
17.70
025740
759.6
17.10
031566

765.5
16.63




THERMODYNAMIC PROPERTIES OF HELIUM
[p = density in gmfcc; h = enthalpy in Joules/gm; s = entropy in Joules/gm°K]

Press. Temperature in degrees Kelvin
atm. 150° 160° 170° 180° 190° 200° 220° 240° 260° 280° 300°
p .00003250 .00003047 .00002868 .00002708 .00002566 .00002437 .00002216 .00002031 .OO00L875 .OCOOL7EL  .00001625
0.1 h 788.8 840.7 892.6 9Lk, 6 996.5 o484 1152.3 1256,2 1360.1 1463.9 1567.8
s 31.35 31.68 32.00 32.29 32.58 32,84 33.34 33.79 34,20 34,59 34,95
p .O0004875 .000OL5TO .0000L30L .0O00LOE2 .00003849 ,00003656 .00003324 .00003047 .00002812 .00002612 .0000243T
0.15 nh 788.8 840.7 892.6 9LL.6 996.5 1048.5 1152.3 1256.2 1360.1 1463.9 1567.8
s 30.51 30.84 31.16 31.45 31.73 32.00 32.49 32.95 33.36 33.75 3h.11
p .00006499 .00006093 .00005735 .00005416 .00005131 .OOOOLBTS .0000LL32 .0000LOE2 .00003750 .00003482  .00003250
0.2 h 788.8 8L40.7 892.7 9LkL.6 996.5 1048.5 1152, 3 1256.2 1360.1 1Lk6k4.0 1567.8
s 29.91 30.24 30.56 30.85 31.1k4 31.40 31.90 32,35 32.76 33,15 33.51
p  .00009T48 .00009139 .00008602 .00008124 .0000769%6 .00007312 .000066L7 .00006093 .00005625 .00005223 .0000L8TS
0.3 n 788.8 8ko.7 892.7 9Ll .6 99 .5 1048.5 1152.4 1256.2 1360.1 1h64.0 1567.8
s 29.07 29.40 29.72 30.01 30.29 30.56 31.05 31.51 31.92 32.31 32.67
p .0001300 .0001219 .00011L7  .0001083  .0001026  .00009748 .00008862 .00008124 .00007499 .0O00696L  .00006LG9
0.4 n 788.8 840.8 8g2.7 9LL.6 996 .6 10u48.5 1152.4 1256.3 1360.1 14640 1567.9
s 28.47 28.80 29.12 29,41 29.70 29.96 30.46 30.91 31.32 31.71 32,07
p .0001949  .0001828  .0001720  .0001625  .0001539 .0001462  .0001329  .0001219  .0001125  .00010LL  ,00009748
0.6 hn 788.9 8L0.8 892.7 9LL, 7 996 .6 1048.6 1152.4 1256.3 1360.2 1k6k,0 1567.9
s 27.63 27.96 28.28 28.57 28.85 29,12 29.61 30.07 30.48 30.87 31.22
p .0002599  .0002436  .0002293  .0002166  .0002052  .0001949  .00DO1T772  .0001625  .0001500  .0001393  .0001300
0.8 n 788.9 8Lo.9 892.8 Qlily, 7 996.7 10L8.6 1152.5 1256.3 1360.2 1k6k,1 1568.0
s 27.03 27.36 27.68 27.97 28.26 28.52 29.02 29.47 29.88 30.27 30.63
p 0003248  ,0003045  .0002866  .0002707  .0002564  ,0002436  .0002215  .0002030  .0001874  .0001LT4H  .0001625
1.0 h 789.0 8L0.9 892.8 9LL.8 996.7 1048.6 1152.5 1256. 4 1360.3 1h64.1 1568.0
s 26.56 26.90 27.21 27.51 27.79 28.06 28.55 29.00 29.42 29.81 30.16
p .O00LBTO  ,0004566  .0004297  .000L40O59  .0003845  .0003653  .0003321  .0003045  .0002811  .0002610  .0002436
1.5 hn 789.1 8k1.0 893.0 9lk.9 996.8 1048.8 1152.6 1256.5 1360.4 1464.3 1568.1
s 25.72 26.06 26.37 26.67 26.95 27.22 27,71 28.16 28.58 28.96 29.32
p .0006490  .0006085  .0005728  .0005410  .0005125  .000LB69  .000L427  .000LOS9  .000374T  .0003479  .0003248
2 h 789.2 8h1.1 893.1 9L45.0 997.0 ioL8.9 1152.8 1256.6 1360.5 146k, 4 1568.2
s 25.12 25.46 25.77 26.07 26,35 26.62 27.11 27.56 27.98 28.37 28.72
p .0009726  .0009120 .,0008585 .0008109  .0007683 .0007299  .0006637  .0006085  .0005617  .0005217  .0004B69
3 h 789.5 8h1 .k 893.3 9Ls5.3 997.2 1049.1 1153.0 1256.9 1360.8 1464.6 1568.5
s 24,28 24 62 2k,93 25.23 25.51 25,78 26.27 26.72 27.1k 27.52 27.88
p .0012957 .0012150  .001ik37  .0010803  .0010236 .0009726  .00088kL  .0008108 .0007486  .0006952  .0006L89
k h 789.7 8L1.7 893.6 9ks5.5 997.5 10k9.4 1153.3 1257.1 1361.0 1464.9 1568.8
s 23.68 24,02 24,33 24,63 2,91 25.18 25.67 26.12 26.54 26.93 27.28
p .0019400  .0018193 .0017128  .0016180  .0015332 .0014569  .0013249  .0012148  .0011217  .0010418  .0009725
6 L 790.2 8h2.2 89L.1 L6 .1 998.0 1049.9 1153.8 1257.7 1361.6 1465.4 1569.3
s 22.8k 23.18 23,49 23.79 2k, 07 24, 3L 24,83 25.28 25.70 26.08 26 .k
p .0025818  .0024215  .0022800  .0021540  .0020413 .0019398  .00176k3  .0016179  .001k9kOo  .0013877  .0012955
8 h 790.8 8Lka.7 89L.7 9L6 .6 998.5 1050.5 11544 1258.2 1362.1 1L466.0 1569.8
s 22.24 22,58 22.89 23.19 23,47 23.7h 2k, 23 24,68 25.10 25,48 25.8L
p .0032213  .0030216  .002845.,  .0026884  .0025479  .002hk213  .0022025  .0020200  .0018654  .0017328  .0016178
10 h 791.3 8L43.3 895.2 9u7.2 999.1 1051.0 1154.9 1258.8 1362.7 1466.5 1570.4
s 21.78 22,11 22.43 22.73 23.01 23.27 23.77 24,22 24,64 25.02 25.38
p .0048093  ,0045125  ,0042502  .00LO167T  .0038076 .0036192  .0032932  .0030211  .0027905  .0025927  .0024210
15 h 792.7 8ul,7 896 .6 9L8.6 1000.5 1052.5 1156.3 1260.2 136k.1 1467.9 1571.8
s 20.94 21.27 21.59 21.88 22.16 22,43 22.93 23.38 23.79 24,18 2L.54
p .0063822 ,0059901 .0056L434  .0053346 0050579 .OOLBOBLK  .00L3767  .004O162  ,0037105  .00344B1  ,003220%
20 h 79k.2 846.1 898.1 950.0 1001.9 1053.9 1157.8 1261.6 1365.5 1684 1573.3
s 20.34 20.67 20.99 21.29 21.57 21.83 22.33 22,78 23,20 23.58 23.94
p .0094835 ,0089059 .0083946  .0079389 .0075302 .0071614  .0065227  .0059885  .0055352  .0051L457  .0048075
30 h 797.0 849.0 901.0 952.9 1004.9 1056.8 1160.7 126k4.5 1368.4 1472.3 1576.2
s 19.50 19.83 20.15 20 4k 20,72 20.99 21.49 21.94 22.35 22.7h 23,10
p  .012526 .011770 .011100 .010502 .0099654  .0094809  .0086LO7  .00T79373  .00T73398  .0068260  .O063794
%) h 799.9 851.9 903.9 955.8 1007.8 1059.7 1163.6 1276.5 1371.4 1475.2 1579.1
s 18.90 19.23 19.55 19.85 20.13 20.39 20.89 21.34 21.76 22.1k 22.50
p  .018443 .0173k9 .016377 .015509 .014728 .01ko22 .012795 .011766 .010890 .010135 0094782
60 h 805.8 857.8 909.8 961.8 1013.7 1065.7 1169.6 1273.4 1377.3 1481.2 1585.0
s 18.06 18.39 18.71 19.00 19.28 19.55 20.05 20.50 20.91 21.30 21.66
p .02L1ks 022736 021483 .020361 .019350 .018436 .016843 .015504 014362 .013377 .012518
80 h 811.7 863.7 915.7 967.7 1019.7 1071.6 1175.5 1279.4 1383.3 1487.2 1591.0
s 17.46 17.79 18,11 18.41 18.69 18.95 19.45 19.90 20.32 20.70 21.06
p 029643 027942 026426 .025066 .023840 022728 .020789 .019155 .017760 .01655k .015501
100 h 817.6 869.7 921.7 973.7 1025.7 1077.6 181.5 1285.4 1389.3 1k93.2 1597.1
s 16.99 17.33 17.64 17.94 18.22 18.49 18.98 19.44 19.85 20.24 20.60
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